Evaluation of reaction factors for deposition of silica (SiO2) nanoparticles on cellulose fibers  by Raabe, Joabel et al.
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This study  aimed  to  evaluate  reaction  conditions  for deposition  of SiO2 nanoparticles  on  the  surface  of  cel-
lulose ﬁbers  and  their  inﬂuence  on  moisture  adsorption  of the  hybrid  organic–inorganic  material  formed.
SiO2 nanoparticle  deposition  was  carried  out  with  the sol–gel  process  testing  four  reaction  times  (2,  12,
18,  and  24  h) and  three  contents  of the tetraethyl-orthosilicate  (TEOS) precursor  (1.9, 4.2  and  8.4 g  g−1 of
cellulose  ﬁber).  Modiﬁcation  time  and  TEOS  content  directly  inﬂuence  the  amount  of Si  deposited  on theeywords:
egetable ﬁbers
ellulose treatment
ybrid nanocomposites
oisture adsorption
ﬁber  surface,  nanoparticle  diameter  distribution,  thermal  stability,  and  resistance  to  moisture  adsorption.
There  is a tendency  of slight  increase  of  nanoparticle  size  and  the  amount  of Si  deposited  with  increas-
ing  reaction  time.  SiO2 nanoparticles  were  bonded  on  the  surface  of the  cellulose  ﬁbers  and  are  able
to  improve  thermal  stability  of  the material,  increasing  onset  degradation  temperature.  The  moisture
adsorption  capacity  of the modiﬁed  cellulose  ﬁber  was  reduced  up  to 50%.
© 2014  Elsevier  Ltd.  All  rights  reserved.. Introduction
Cellulose ﬁbers from wood and annual crops are widely avail-
ble in most developing countries. They provide several advantages
n comparison to synthetic ﬁbers, such as low density, renew-
bility, variety of sources and properties, and low cost. Natural
bers are hence suitable to be used as reinforcement in polymeric
nd cement matrices as often proved in the literature (Belgacem
 Gandini, 2008; Böer, Holliday, & Kang, 2014; Sabu & Pothan,
008; Savastano, John, Agopyan, & Moslemi, 2010). However, the
ain disadvantages of using those ﬁbers as reinforcements are:
i) dimensional instability due to high hydrophilic nature of the
ellulose ﬁbers, which easily adsorbs water from the environment
Tonoli et al., 2013); and (ii) chemical incompatibility with most
olymeric matrices, which results in poor stress transference in the
ber–matrix interface (Doan, Gao, & Mader, 2006; Kabir, Wang, Lau,
 Cardona, 2012; Campos et al., 2012). Modiﬁcations of the ﬁber
urface and structural properties by physical and chemical pro-
esses are mainly based on the reactivity of the cellulose hydroxyls,
nd may  be an interesting alternative to improve ﬁber water
∗ Corresponding author. Tel.: +55 35 3829 1411; fax: +55 35 3829 1411.
E-mail address: joabeljr@hotmail.com (J. Raabe).
ttp://dx.doi.org/10.1016/j.carbpol.2014.08.042
144-8617/© 2014 Elsevier Ltd. All rights reserved.resistance (Faruk, Bledzki, Fink, & Sain, 2012; Kabir et al., 2012;
Kalia, Kaith, & Kaur, 2009; Liu, Xie, Yu, Chena, & Li, 2009;
Skreekumar, Kuruvilla, Unnikrishnan, & Sabu, 2011).
Hybrid organic–inorganic materials may  be produced by
nanoparticle deposition on the ﬁber surface. Those treatments
aim to decrease water adsorption, by reducing the amount of
free hydroxyl groups, and to improve mechanical properties
of the hybrid material and of the ensuing composites (Ashori,
Sheykhnazari, Tabarsa, Shakeri, & Golalipour, 2012; Pinto, Marques,
Barros-Timmons, Trindade, & Pascoal Neto, 2008; Shi, Lu, Guo,
Zhang, & Cao, 2013). The sol–gel process is one of the main method-
ologies to modify cellulose ﬁbers with inorganic materials. This
process is based on hydrolysis and condensation reaction (in situ)
of the inorganic precursor on an organic surface (Pinto et al., 2008).
It allows strong chemical interactions to be formed, besides keep-
ing the precursor properties (Sanchez, Julián, Belleville, & Popall,
2005). The synergy effect of the process generates materials with
new properties and potential applications. For instance, increased
mechanical strength and ﬁre resistance may  be achieved, as much
as additional hydrophobic or antifogging features, allowing the
hybrid materials to be applied as scratch-resistant coatings. Fur-
thermore, The enhancement of mechanical and thermal properties
of polymers by the addition of inorganic properties offers the pos-
sibility for these ﬁbers to substitute classical compounds based on
te Polymers 114 (2014) 424–431 425
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Table 1
Fiber modiﬁcation conditions.
Samples Time of reaction (h) TEOS content (g g−1)
Control – –
T2C1.9 2 1.9
T2C4.2 4.2
T2C8.4 8.4
T12C1.9 12 1.9
T12C4.2 4.2
T12C8.4 8.4
T18C1.9 18 1.9
T18C4.2 4.2
T18C8.4 8.4
T C 24 1.9J. Raabe et al. / Carbohydra
etals and ceramics, or as ﬁre retardant materials for construction
nd packing industry (Balazs, Emrick, & Russell, 2006; Caseri, 2007;
rishnamoorti & Vaia, 2007; Schadler, Kuar, Benicewicz, Lewis, &
arton, 2007; Schaefer & Justice, 2007).
Factors such as the water/precursor proportion (molar ratio),
he use of any type of catalyst (acid or alkaline), the temperature of
eaction and the solvent type, strongly inﬂuence the kinetic reac-
ion and the structure and morphology of the new material formed
y the sol–gel process (Tripathi & Shahi, 2011). However, there is
 lack of information about the inﬂuence of the reaction factors
reaction time and precursor concentration) on the size distribu-
ion of the nanoparticles obtained, on the thermal properties and
n the moisture adsorption of the hybrid (cellulose + SiO2) material
ormed.
Therefore, this study aimed to evaluate the effect of the synthe-
is variables (reaction time and precursor content) for the surface
odiﬁcation of cellulose ﬁbers by the sol–gel process, through the
n situ synthesis of SiO2 nanoparticles chemically bonded to the
ber surface.
Effectiveness of ﬁber modiﬁcation was evaluated by thermal
nd moisture adsorption analyses of the hybrid organic–inorganic
aterials obtained in order to ﬁnd the best process conditions.
. Methodology
.1. Material
Eucalyptus (hybrid: Eucalyptus urophylla × Eucalyptus grandis)
ellulose ﬁbers were obtained from the commercial Kraft pulping
rocess, with average ﬁber length of 0.81 ± 0.01 mm and average
idth of 15.9 ± 0.3 m.  Chemical composition of the ﬁbers was cel-
ulose (86.3%), hemicelluloses (12.9%), ashes and extractives (0.8%).
Chemicals include the inorganic SiO2 precursor tetraethyl
rthosilicate (C8H20O4Si – TEOS, 98%), the synthesis catalyst
mmonium hydroxide (NH4OH – 30% v v−1), the ethanol solvent
CH3CH2OH – 95% P.A.), and the potassium sulfate (K2SO4) used for
umidity control in the moisture adsorption test.
.2. Deposition of the SiO2 nanoparticles on the cellulose ﬁbers
Cellulose ﬁbers were kept in deionized water under mechanical
tirring during 24 h in order to achieve total disintegration of the
ellulose pulp sheets and proper ﬁber dispersion. Water to ﬁber
onsistency for this dispersion was 100 mL  g−1.
Modiﬁcation of the cellulose ﬁbers with the deposition of the
iO2 nanoparticles was carried out by the sol–gel process, based
n previous studies (Ashori et al., 2012; Pinto et al., 2008). 0.5 g of
ellulose ﬁbers was immersed in a solution composed of 42.5 mL
f ethanol, 4.5 mL  of deionized water, and 0.75 mL  of ammonium
ydroxide. Constant and moderate mechanical stirring (300 rpm)
as kept for 2 h, after which TEOS solution was slowly added drop-
y-drop and a solution with ﬁber consistency of 100 mL  g−1 was
chieved. Four reaction times (2, 12, 18 and 24 h) and three TEOS
ontents (1.9, 4.2 and 8.4 g of TEOS per g of cellulose pulp ﬁber)
ere tested (Table 1). All modiﬁcations were performed at room
onditions (around 25 ◦C and 70% RH).
The resultant modiﬁed ﬁbers were vacuum ﬁltered and thor-
ughly washed with deionized water until the ﬁltered water
ecomes clean. The modiﬁed ﬁbers were conditioned between ﬁl-
er paper sheets and kept in a desiccator during 24 h. Afterwards,
he modiﬁed ﬁbers were pressed under 3.3 MPa  for 5 min  in order
o obtain a ﬁber sheet with ﬂat surface. The ﬁber sheets were dried
t 60 ◦C for 48 h before characterization.24 1.9
T24C4.2 4.2
T24C8.4 8.4
2.3. Scanning electron microscopy (SEM)
Morphological characteristics of the ﬁbers were evaluated by
SEM micrographs in a JEOL JSM-6510 microscope with a tung-
sten ﬁlament operating at 15 kV. An energy dispersive spectroscopy
(EDS) system (model JEOL 6742A – Ultradry Silicon Drift) with an
active area of 10 mm2 and 132 eV resolution was used to detect and
semi-quantiﬁcation of SiO2 particles at the ﬁber surface. Average
percentage of Si (% by mass) was obtained after ﬁve scans per sam-
ple in a 1 m2 area. The ﬁber samples were bonded over a carbon
tape on the metallic stubs and carbon coated (for EDS  measure-
ments) and gold coated (for MEV  observations) before analyses.
Measurements of the SiO2 nanoparticle diameters were per-
formed using the Image J software, as reported in Mori et al. (2014).
About 100 measurements were recorded for each condition in the
SEM representative images, in order to obtain the diameter dis-
tribution of the nanoparticles at the cellulose ﬁber surface. The
average diameter values were submitted to variance analysis and
the averages were compared among reaction times and precursor
content by Tukey test at 5%.
2.4. Fourier transform infrared (FTIR) spectroscopy
FTIR spectrum of the samples was recorded with a FTIR Perkin
Elmer (Spectrum 1000) equipped with Spectrum v5-3.1 software
to compare the chemical structure of unmodiﬁed and modiﬁed
cellulose ﬁbers. The samples were milled into powders with KBr
at a proportion of 1:100 (w:w), and pressed to form the sam-
ple disks. Sixteen scans were performed in the spectral range of
400–4000 cm−1 with 1 cm−1 resolution at the transmittance mode.
2.5. Thermogravimetric analysis (TGA)
Raw and modiﬁed ﬁbers were subject to thermogravimetric
analysis (TGA) in a TA Instruments analyzer (model Q500) as pro-
posed in Tonoli et al. (2012). The samples with around 7 mg  were
heated in a Pt crucible from 25 to 600 ◦C in synthetic air ﬂowing at
60 mL  min−1, and heating rate of 10 ◦C min−1.
2.6. Moisture adsorption analysis
Three samples of each modiﬁcation condition (2.0 cm ×
1.0 cm × 0.1 cm)  were pre-dried overnight at 105 ◦C, weighted
and placed in hermetically closed containers with 97 ± 2% of
relative humidity (RH) and 20 ± 2 ◦C, using a saturated potas-
sium sulfate solution, as prescribed by the ASTM E104 (2012)
standard. The moisture adsorbed by the samples along the
time was  determined by weighting (0.0001 g precision) them at
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) unmodiﬁed and (b) modiﬁed cellulose ﬁbers (T12C4.2).
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Table 2
Average diameter (in nm) and standard deviation of the SiO2 particles deposited on
the ﬁber surface.
Conditions C1.9 C4.2 C8.4 Fc
T2 149 ± 35 a Aa 160 ± 58 c A 147 ± 49 b A 1.467ns
T12 131 ± 37 b B 166 ± 55 c A 178 ± 50 a A 18.901*
T18 158 ± 35 a B 192 ± 45 b A 147 ± 47 b B 19.890*
T24 165 ± 54 a B 271 ± 52 a A 161 ± 45 ab B 92.024*
Fc 8.567ns 60.801* 6.621* –
* Fc: calculated F, signiﬁcant at 5%.
a Averages followed by the same letter do not differ according to Tukey test.
ns non-signiﬁcant at 5%; small and capital letters compare reaction times and pre-Fig. 1. SEM images and EDS measurements of: (a
uccessive intervals until they reached a constant weight. The
mount of moisture adsorbed (MA) by the samples was  calculated
s follows (Eq. (1)):
A(%) =
[
Mt − M0
M0
]
× 100 (1)
here M0 and Mt are the initial mass of the sample (prior to expo-
ure to moisture) and the sample mass after t hours of exposure to
oisture (97 ± 2% RH), respectively. Each data point represents an
verage of three samples.
. Results and discussion
.1. Morphology of the SiO2 nanoparticles on the cellulose ﬁbers
Raw cellulose ﬁbers presented smooth and uniform surface,
asically comprised of carbon (C) and oxygen (O), with small and
egligible amounts of sodium (Na), aluminum (Al) and silicon (Si)
nd a characteristic Si peak (Fig. 1a).
SEM and EDS analyses of the modiﬁed ﬁbers (Fig. 1b) show
he SiO2 nanoparticles deposited on the ﬁber surface, as observed
y the increase of the Si peak in the EDS measurement, which
roves the effective modiﬁcation with SiO2 nanoparticles well
ispersed at the ﬁber surface. This SiO2 deposition is caused by
he hydrolysis of the TEOS precursor and subsequent condensa-
ion of the resultant hydroxyls groups on the surface of the ﬁbers
Tripathi & Shahi, 2011; Xie, Yu, & Shi, 2009). Although no infor-
ation is available from EDS measurements about the thickness or
egree of SiO2 covering, the results strongly suggest that a hybrid
ellulose + SiO2 composite was formed, since Si peak was  remark-
bly intense in relation to C and O peaks (Tonoli et al., 2009).
ther studies showed successful modiﬁcation of cellulose ﬁbers
ith TEOS precursor by the sol–gel process. Properties achieved
nclude reduction on water uptake and improvement of mechani-
al strength due to strong chemical interactions between cellulose
nd silica phases (Ashori et al., 2012; Pinto et al., 2008). On the
ther hand, further studies are needed to verify if the high silica
ontent on the modiﬁed ﬁbers causes excessive tool wear dur-
ng processing. For example, researchers reported concerns on this
atter for application of bamboo as composite lumber (Malanit,
arbu & Früwald, 2007), black locus wood species for particle-
oard production (Nemli et al., 2004), and rice and bamboo for MDF
roduction (Hiziroglu, Bauchongkol, Fueangvivat, Soontonbura, &
arusombuti, 2007).cursor contents respectively.
Fig. 2 shows semi-quantitative data (from EDS measurements)
of the Si content (by mass) deposited on the cellulose ﬁbers under
different reaction conditions. The Si content of all the modiﬁed
ﬁbers was far higher in relation to control sample. No remarkable
increase in the average Si content was  observed when modiﬁcation
time varied from 2 to 18 h, but a higher percentage of Si deposited
was observed after 24 h of reaction. In general, 4.2 g g−1 of TEOS
was the most efﬁcient level for adhering SiO2 on ﬁber surface.
SEM micrographs of the modiﬁed ﬁbers were used in order
to investigate the diameter of the SiO2 particles deposited on
the ﬁber surface (Table 2). Average particle diameter was over
100 nm for all modiﬁcation conditions. The lowest (131 ± 37 nm)
and highest average diameter values (271 ± 52 nm)  were found for
T12C1.9 and T24C4.2, respectively. This result may  be attributed to
the water:precursor ratio close to 1 for higher TEOS content. The
water:precursor ratio is one of the main factors that inﬂuence the
kinetics of hydrolysis and poly-condensation reactions (Tripathi &
Shahi, 2011). Higher SiO2 particle diameters will result in cellulose
ﬁber with greater recovering, while lower SiO2 spread particles will
provide greater superﬁcial area for the ﬁbers. A clear increase of
particle diameter with increase in reaction time was  observed for
the TEOS content of 4.2 g g−1 (C4.2). For reaction times of 18 and
24 h, the concentration of 4.2 g g−1 of TEOS resulted in the higher
diameter values of the particles. For 12 h of reaction (T12) the lower
value of particle diameter was  observed for 1.9 (C1.9). There was
no signiﬁcant difference among averages from different precursor
contents for 2 h of reaction (T2 series). Increase in diameter with
increase in precursor content from C1.9 to C4.2 was observed for 12
(T12), 18 (T18) and 24 h (T24), but the values signiﬁcant decrease
when 8.4 g g−1 (C8.4) content was  used for longer reaction times.
J. Raabe et al. / Carbohydrate Polymers 114 (2014) 424–431 427
Fig. 2. Average values and standard deviation (in parenthesis) of
Fig. 3. Relation between average SiO2 diameter (nm) of the nanoparticles and the
content of Si (% by mass) determined by EDS measurements on the ﬁber surface.
Fig. 4. Accumulated diameter distribution of SiO2 the content of Si (by mass) deposited on the ﬁber surface.
Fig. 3 shows the linear relation (R2 = 0.76) between average
diameter of the SiO2 nanoparticles and Si content (by mass)
deposited on the cellulose ﬁber surface. This result may allow pre-
dicting SiO2 particle diameter, based on the content of Si (measured
by EDS semi-quantiﬁcation) deposited on the ﬁber surface, if the
modiﬁcation conditions proposed in this work are kept the same.
The TEOS content of 4.2 g g−1 resulted in the highest Si content (by
mass) deposited and higher average diameter of the SiO2 nanopar-
ticle for all reaction times. The accumulated frequency of the SiO2
nanoparticle diameter deposited on the ﬁber surface was deter-
mined in order to verify the effect of modiﬁcation conditions on
the diameter distribution of the nanoparticles (Fig. 4). The TEOS
content of 8.4 g g−1 resulted in the higher amount of particles
(around 70%) with diameter values below 150 nm,  which in turn
may  provide higher surface area. Higher TEOS content (8.4 g g−1)
nanoparticles deposited on the ﬁber surface.
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itions (a) T2C1.9, (b) T12C1.9, (c) T18C8.4 and (d) T24C4.2.
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eems to provide more stable nanoparticles in the ﬁrst hours of
eaction, and thus longer reaction times (18 and 24 h) did not
ncrease the nanoparticle size, but maintain the content of lower-
ize particles. Probably, in the lower concentrations, the higher
ater:precursor ratio lead to agglomeration of the inorganic par-
icles, which increased the nanoparticle size with the increase in
he reaction time. An exception is observed for 12 h of time reac-
ion, whose higher amount of particles with lower diameter was
btained for the concentration of 1.9 g g−1. This result shows that
article size depends on TEOS concentration and time of reaction,
hich may  be important in future studies on ﬁber modiﬁcation
estined to composite reinforcement.
The SEM images (Fig. 5) show the dispersion of the SiO2 par-
icles on the surface of the cellulose ﬁbers treated under different
onditions. The images were selected on the basis of morphological
ifferences found between the modiﬁed ﬁbers. The SiO2 nanoparti-
les were clearly observed in the samples T2C1.9 (Fig. 5a) and T12C1.9
Fig. 5b), probably due to the lower content of Si deposited onto
he ﬁbers (Fig. 2), which led to good dispersion and individualized
articles at the ﬁber surface. The nanoparticles produced under
hese conditions (T2C1.9 and T12C1.9) are lower in diameter than
n the sample T24C4.2 (Fig. 5d). The ﬁbers treated under the condi-
ion T18C8.4 seems to present a uniform coating layer, with almost
o space between the deposited nanoparticles (Fig. 5c).
.2. FTIR results
The typical FTIR spectra obtained for unmodiﬁed and modiﬁed
T18C8.4) ﬁbers are depicted in Fig. 6. The FTIR spectra for the other
onditions of ﬁber modiﬁcation feature the same proﬁle as the spec-
ra shown in Fig. 6b, however with a small variation in the intensity
f the peaks. In this case, it was used the T18C8.4 condition as the
ypical condition to show the structural modiﬁcation occurred on
he ﬁber. Both spectra presented a wide band in the region betweenFig. 6. FTIR spectra of: (a) unmodiﬁed; and (b) modiﬁed (T18C8.4) ﬁbers.
3600 and 3200 cm−1, which is characteristic from vibrations of the
OH groups present in the cellulose molecules (Ashori et al., 2012;
Lu et al., 2013). The 2903 cm−1 band is related to stretching of
aliphatic C H from methyl groups (Sinha & Rout, 2008). The peak
between 1800 and 1600 cm−1 may be related to both stretching of
C O from carbonyl groups found in hemicelluloses (Pires, Merlini,
Al-Qureshi, Salmória, & Barra, 2012) or water adsorption in cellu-
lose ﬁbers (peak at 1635 cm−1). The peak at 1635 cm−1 related to
water adsorption of the ﬁbers (Ashori et al., 2012) was remark-
ably reduced with ﬁber modiﬁcation (Fig. 6b). This result may  be
mainly attributed to the reduction of the hydrophilic character pro-
vided by the silica nanoparticles. The bands between 1350 and
−11150 cm presented peaks related to deformations of C OH,  C H
and C O C groups of cellulose and hemicelluloses (Ashori et al.,
2012; Pires et al., 2012). Changes in this region may be related
to hemicelluloses removal since they are partially solubilized at
J. Raabe et al. / Carbohydrate Polymers 114 (2014) 424–431 429
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Corrales et al., 2007).
The FTIR spectra of the modiﬁed ﬁbers (Fig. 6b) shows the three
ain typical silica bands detectable in the regions near to 450 cm−1,
00 cm−1 and 1100 cm−1, which are attributed to stretching vibra-
ion of Si O Si, Si O Si and Si O C, respectively (Lu et al., 2013;
aghsh, Sadeghi, Moheb, Chenar, & Mohagheghian, 2012). The
resence of those peaks (at 450 cm−1, 800 cm−1 and 1100 cm−1)
trongly suggests that chemical bonding between cellulose and sil-
ca was formed after superﬁcial modiﬁcation (Ashori et al., 2012;
achado et al., 2011; Nassar et al., 2007; Shi et al., 2013).
.3. Thermal properties
Thermogravimetric (TG) curves of the unmodiﬁed and modi-
ed cellulose ﬁbers are presented in Fig. 7. Thermal properties of
he cellulose ﬁbers should be investigated when it is important to
valuate their potential as reinforcement in thermoplastic poly-
ers that processing requires temperatures above 200 ◦C. Also, this
roperty can reveal the nanoparticle–ﬁber interaction, since dislo-
ations in thermal events are expected if novel strong bondings
re present. For all modifying conditions, thermal decomposition
ccurs in three stages. The ﬁrst one ranges between room temper-
ture and 150 ◦C and it is related to sample dehydration (Yildiz &
umuskaya, 2007) and volatile releases (Beg & Pickering, 2008).
ass loss related to dehydration varies between 3 and 8%. The
econd stage is related to decomposition of the ﬁber structure.
emicelluloses present amorphous structure and, hence are the
rst components to degrade (at around 160 ◦C), while cellulose
ecomposes between 225 and 370 ◦C (Órfão, Antunes, & Figueiredo,
999). The highest mass loss (50–70%) occurred in this second
tage, whose the temperature decomposition ranges between 200
nd 340 ◦C, depending on the modiﬁcation condition. The third
tage of decomposition occurs between 340 and 500 ◦C due to oxi-
ation of remaining organic material. In some cases the thermal
egradation steps are not so easily identiﬁed/isolated, because of
he complexity of degradation reactions (Corradini, Imam, Agnalli, Mattoso, 2009).
Results from thermal analysis indicate that deposition of
he SiO2 nanoparticles contributes to improve thermal stabil-
ty of the cellulose ﬁbers, since increased the onset degradationn stages of unmodiﬁed and modiﬁed ﬁbers.
temperature (detail in the DTG curves of Fig. 7). Furthermore, the
high mass loss ratio (detail in the stage 2 of Fig. 7) was slightly
in lower temperatures in unmodiﬁed ﬁbers. The higher the con-
tent of SiO2 nanoparticles, the higher was the thermal stability. The
remaining waste in the modiﬁed ﬁbers at 600 ◦C varied from 20.2%
(for T2C1.9) to 32.1% (for T24C4.2), corroborating with the behav-
ior observed in the EDS measurements of the Si content (Fig. 2).
Those values are far higher than the value found for unmodiﬁed
ﬁber (around 1% of residual mass) and are certainly related to the
Si inorganic species adhered to the organic ﬁbers.
3.4. Moisture adsorption
Most samples had their mass gain stabilized after 288 h of expo-
sition to controlled humidity. After mass stabilization was reached,
unmodiﬁed ﬁbers showed remarkable higher moisture adsorp-
tion (25.0 ± 0.5%) in relation to modiﬁed ﬁbers. Only cellulose
ﬁbers modiﬁed by T12C4.2, T12C8.4, T24C1.9 and T24C4.2 conditions
have reached the mass stabilization after 384 h, while T18C4.2 and
T18C8.4 samples achieved the stability of the moisture adsorp-
tion after 480 h. Deposition of SiO2 nanoparticles has decreased
the hydrophilic character of the cellulose ﬁbers. Nevertheless, the
results did not show a clear relation between time reaction and
moisture adsorption of the ﬁbers (Fig. 8). This result may  be par-
tially attributed to heterogeneity in diameter and distribution
of SiO2 particles in the different modiﬁcation conditions, which
directly inﬂuences hydrophilic capacity of the ﬁbers. Fibers modi-
ﬁed using 18 h of reaction presented the lower moisture adsorption
(between 12.3% and 13.0%), which corroborate with the ﬁnding
reported in the previous sections where the ﬁbers modiﬁed under
the T18C8.4 condition presented a uniform SiO2 coating layer on the
ﬁber surface, when compared to their counterparts. Furthermore,
increasing the TEOS content seems to decrease moisture adsorp-
tion, as expected due to the decrease of the free hydroxyls available
at the ﬁber surface when SiO2 particles are present.
Apart from improving thermal and moisture adsorption proper-
ties, it is expected that deposition of SiO2 particles on cellulose ﬁber
surface improve the dispersion of the cellulose ﬁbers when applied
as composite reinforcement in apolar matrices (Felix & Gatenholm,
1991). This is because the reduction of the free hydroxyl groups
available at the ﬁber surface, decreases the strong interactions
430 J. Raabe et al. / Carbohydrate Polymers 114 (2014) 424–431
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NFig. 8. Moisture adsorption o
etween ﬁbers (Hubbe, Venditti, & Rojas, 2007). Other beneﬁts from
sing these modiﬁed ﬁbers include the improvements in dimen-
ional stability of the ﬁbers, and the increase in the ﬁber surface
rea. As a result, increases in the interaction between composite
hases may  lead to the improvement of the mechanical strength
Mathew, Oksman, & Sain, 2005). These results can be interesting
or ongoing research in the direction of ﬁber modiﬁcation strate-
ies for application of the cellulose ﬁbers as durable reinforcement
n different advanced composites.
. Conclusions
Surface modiﬁcation of cellulose ﬁbers by SiO2 nanoparticle
eposition was successfully achieved for all conditions proposed in
his study. Modiﬁcation time and TEOS precursor content directly
nﬂuence the amount of Si deposited on the ﬁber surface, the
anoparticle diameter distribution, the ﬁber thermal stability, and
esistance to moisture adsorption. There is a tendency of increase
f nanoparticle size and the amount of Si deposited with increas-
ng reaction time. SiO2 nanoparticles were chemically bonded on
he surface of the cellulose ﬁbers and were able to improve the
hermal stability of these ﬁbers. It was observed a reduction of up
o 50% in the moisture adsorption capacity of the modiﬁed cellu-
ose ﬁbers. The present study contributes to the widespread use
f the cellulose ﬁbers and with information for understanding the
ajor mechanisms that inﬂuence the mechanical and physical per-
ormance of cellulose based materials. The ﬁber modiﬁcation used
ere led to distinct morphological and structural characteristics of
he cellulose ﬁber, which can be used to engineer polymeric com-
osites for multipurpose applications, e.g. in the construction or
acking industry.
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